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ABSTRACT Computer simulations of three unsaturated phospholipids in a membrane environment have been carried out
using Langevin dynamics and a mean-field based on the Marcelja model. The applicability of the mean-field to model unsaturated
lipids was judged by comparison to available experimental NMR data. The results show that the mean-field methodology and
the parameters developed for saturated lipids are applicable in simulations of unsaturated molecules, indicating that these
simulations have good predictive capabilities. Single molecule simulations, each 100 ns in length, of 1 -palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1 -palmitoyl-2-elaidoyl-sn-glycero-3-phosphocholine (PEPC), and 1 -palmitoyl-2-isolinoleoyl-
sn-glycero-3-phosphocholine (PiLPC) reveal similarities between PEPC and DPPC. The presence of the trans double bond in
PEPC has a minimum impact on the structural and dynamic properties of the molecule, which is probably the reason that isolated
trans double bonds are rare in biological lipids. POPC exhibits different behavior, especially in the calculated average interchain
distances, because of the cis double bond. The position of the two double bonds in PiLPC imparts special properties to the
molecule.
INTRODUCTION
The study of phospholipids in membranes has been a difficult
experimental proposition and atomic details of the motions
of phospholipids are generally hard to obtain. Molecular dy-
namics (MD) simulations can give us a detailed view ofphos-
pholipids, but MD simulations of large systems, such as pe-
riodic boundary membrane models, are restricted to rather
short time spans (picoseconds) (van der Ploeg and Be-
rendsen, 1982, 1983; Egberts, 1988; Egberts and Berendsen,
1988). Recently, we used a mean-field approximation to
study DPPC in a membrane environment and obtained in-
teresting insight into the molecule's behavior (DeLoof et al.,
1991). It was observed that tens of nanoseconds were re-
quired to bring the molecule to equilibrium and explore con-
formational space. It would be useful to obtain information
about a variety of different types of lipids as they exist in
nature in order to gain some understanding of their biological
function in a membrane. To acquire this type of information
about lipids for which no NMR data is available, it is nec-
essary that the mean-field approximation adequately model
unsaturated lipids and that the mean-field parameters devel-
oped for the saturated lipids are transferable to the unsatur-
ated molecules. If no transferability exists, the predictive
power of the mean-field method would be severely limited.
In an extension of the previous work, three unsaturated
lipids, POPC, PEPC, and PiLPC, have been studied and the
results are reported in this paper. Single molecule simulations
in a mean-field were carried out on these particular lipids
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because there are some experimental NMR deuterium order
parameters available for comparison (Seelig and Waespe-
Sarcevic, 1978; Baenziger et al., 1991). This allows an evalu-
ation of the applicability of the mean-field method to lipids
with unsaturated chains.
METHODS
Dynamics algorithm
The method used in this paper is that previously developed
by DeLoof et al. (1991). A mean-field approximation in con-
junction with Langevin dynamics is used to simulate the
motions of single phospholipid molecules. Simulations were
carried out at 324 K, well above the phase transition tem-
peratures of each of the lipids involved.Acollision frequency
of50 ps-1 was used in the Langevin algorithm (Brunger et al.,
1984) which was the same as used in the previous simulations
of DPPC. The timestep used in all simulations was 2 fs.
Mean-Field model
The two components of the Marcelja-type mean-field
(Marcelja, 1973; Schindler and Seelig, 1975; Pastor et al.,
1988a) previously used for DPPC, a repulsive and a disper-
sive term, remained unaltered. The repulsive or steric po-
tential is related to the surface pressure and acts on the last
carbon of the lipid chain,
Erep = E /(zn- z).
chains
(1)
The field strength, F, was set at -10.5 kcal-A/mol. As the
z position of the last carbon in the chain, Zn, gets closer to
the lipid bilayer surface, located at zo, force on that carbon
increases and acts to pull the carbon back away from the
surface.
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The dispersive term (Maier-Saupe, 1959) is proportional
to the molecular order parameter ((3 cos2 P3i - 1)/2) and
simulates the Van der Waals interactions with the surround-
ing lipid molecules:
Edisp = I - FD(1/2)(3 cos2I3, - 1) (2)
chain carbons
The field strength, (D, was set to 0.21 kcal/mol as in the DPPC
simulations. For an sp3 carbon, P3i is the angle between the
bilayer normal and the vector normal to a plane spanned by
the two C-H vectors. For the sp2 carbon, P3i is the angle
between the bilayer normal and the vector normal to the C-H
vector contained in the plane defined by the carbons involved
in the double bond and the hydrogen bound to the carbon
under investigation.
A surface potential at -4 A was used to keep the ends of
the acyl chains from moving out into the bilayer, and the
phosphorous atom was fixed to the origin of the coordinate
system by a harmonic constraint. The nitrogen atom of the
choline headgroup was also constrained to the x-y plane to
mimic the bilayer surface. Details of these constraints can be
found in DeLoof et al. (1991) and were not varied in this
study.
Starting structures and force potentials
The starting structures of PEPC, POPC, and PiLPC were
derived from the united atom structure of DPPC previously
used. The new structures were equilibrated for 300 ps prior
to the start of data collection. The potential function param-
eters were primarily taken from the AMBER (Weiner et al.,
1984) and CHARMm (Brooks et al., 1983) force fields. Non-
bonded interactions included only a 6-12 Lennard Jones po-
tential (cutoff, 8 A) and no electrostatics. Standard torsion
potentials were used except for the sp3-sp3 carbon torsions
where the Ryckaert-Bellmans potential (1975) was used.
Calculation of simulation results
The deuterium order parameter is given by:
SCD = 1/2(3 cos2O - 1), (3)
where 0 is the angle between the vector along the carbon-
deuterium bond and the bilayer normal. SCD values were
calculated every 10 steps, and the time averages were
compared to experimental results. Convergence of the
simulations was checked by following the deuterium order
parameters.
Coordinate statistics and correlation functions
Coordinates were saved every picosecond. Autocorrelations
were calculated with the use of fast Fourier-transform rou-
tines (Press et al., 1988). The reorientational correlation func-
tions (P2[i(t) * ,u(0)]) for selected unit vectors ,ut) were
obtained using the I = 2 spherical harmonic correlation func-
tions (see also Pastor et al., 1988b). The relaxation times used
the first 5000 ps of data and generally needed two expo-
nentials to give the best fits.
Computer resources
All programs were written in the C language by H. DeLoof
and were based on the yammp package (Tan and Harvey,
1993). Calculations were performed on a solitary processor
in a hybrid Silicon Graphics 4D/340-GTX machine. 1 ns of
simulation of one phospholipid molecule took about 2 h.
RESULTS
In Fig. 1 are shown the deuterium order parameters of the
sn-2 chain for PEPC, POPC, and PiLPC simulations along
with those experimentally determined by Seelig and Waespe-
Sarcevic (1978) and Baenziger et al. (1991). The simulations
were 100-ns long, and the deuterium order parameters for the
C2 carbons on all chains took the longest to converge. It has
been previously observed (DeLoof et al., 1991) that such a
long simulation time (100 ns) is necessary to span confor-
mational space and reach equilibrium. Fairly good agreement
between our simulated results and the experimental data is
obtained. Importantly, very good agreement between simu-
lation and experiment is noted in the area of the double
bonds. There are some larger differences in the first few
carbons in the chain which are probably due to the repulsive
surface that models the bilayer interface. Also, the order pa-
rameters are somewhat larger near the ends of the chain in
the simulated data than those obtained by NMR experiment.
This may be a consequence of the repulsive force which pulls
on the ends of the chain. Overall, however, the agreement
between simulation and experiment is fairly convincing.
The deuterium order profiles of the sn-i chain simulations
of PEPC, POPC, and PiLPC are very similar to those ob-
tained experimentally for DPPC, although slightly more dis-
order is noted. Those values derived from the simulation of
POPC show even more disorder near the first half of the
chain. This indicates that the double bonds in the sn-2 chains
also affect the motions of the sn-1 chains.
The average lengths of each of the chains in the simula-
tions of POPC, PiLPC, and PEPC along with DPPC are
shown in Table 1. The 16-carbon unsaturated sn-1 chains are
similar, but the sn-i chain length decreases as the sn-2 chain
goes from being saturated to containing a trans double bond,
then cis, and finally two cis double bonds. Again we note
Table 1 Average sn-i and sn-2 chain lengths from computer
simulations
Molecule
DPPC* PEPC POPC PiLPC
A
sn-1 chain 18.13 18.00 17.52 17.20
sn-2 chain 17.84 17.75 16.65 16.72
* DeLoof et al. (1991).
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FIGURE 1 Deuterium NMR order parameters for 100-ns simulations of
PEPC, POPC, and PiLPC with experimental data of Seelig and Waespe-
Sarcevic (1978) and Baenziger et al. (1991). Experimental values of the sn-2
chain from Baenziger et al. (1991) are shown with solid triangles; experi-
mental values of Seelig and Waespe-Sarcevic (1978) are shown with solid
squares. Open squares represent the order parameters of the sn-2 chain
calculated from the simulations; open circles represent the order parameters
of the sn-i chain from the simulations. Simulation data are the averages of
both hydrogens on the sp3 carbons. Standard deviations (square roots of the
fluctuations) are shown for the sn-2 chains.
some effect of the sn-2 chain on the sn-i chain. A similar
trend in chain length is noted for the sn-2 chain. The at-
tachment of the sn-2 chain to the second carbon of the glyc-
erol backbone of the phospholipid causes a kink in the sn-2
chain which gives rise to the shorter chain lengths compared
to the sn-i chain. It must be noted that the sn-2 chain of the
POPC molecule which contains a single cis double bond is
approximately the same length as the sn-2 chain in PiLPC,
containing two double bonds in the cis conformation.
Fig. 2 shows the probability distribution for the z coor-
dinates of the oxygen and carbon atoms of the sn-2 chains
of PEPC, POPC, and PiLPC. The keto oxygen, the carbonyl
carbon, and oxygen show a narrow distribution profile in
comparison with the carbons in the acyl chain. Each carbon
shows a progressively larger range of motions in the z di-
rection proceeding toward the terminal carbons. However,
there does appear to be a slight narrowing of the distribution
profile near the center of the molecules in the vicinity of the
double bonds. POPC also seems to exhibit a different be-
havior in that the carbons involved in the double bond (9, 10)
and those adjacent also occupy space near the membrane
surface in a bimodal manner. This also occurs for the carbon
in the sixth position (the beginning of the double bond) of
PiLPC.
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FIGURE 2 Probability distribution for the z coordinates of the oxygen and
carbon atoms of the sn-2 chains of PEPC, POPC, and PiLPC. Dashed lines
represent the carbons involved in double bonds. Dotted lines represent the
ether oxygen. Broken lines represent the carbonyl oxygen. Solid lines rep-
resent the acyl carbons.
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The transition rates of the torsion angles have been in-
vestigated and are shown in Fig. 3. First, it is noted that the
rates observed for all the sn-i chains are nearly identical and
virtually superimposable with those previously obtained for
DPPC. Away from the ends of the sn-i chains a plateau effect
indicates, as previously observed (DeLoof et al., 1991), that
annealing around the new conformation is the principle
isomerization mechanism. Thus, the differences observed for
the sn-i chains in the deuterium NMR order profiles are
probably not due to a change in the torsion transition rates.
Transition rates in the sn-2 chains are quite different, how-
ever. In the case of the single double bond in the trans con-
formation, large increases are observed in both the trans -*
gauche and gauche -* trans isomerization rates immediately
preceding and following the unchanging double bond tor-
sion. A slight decrease in the rates preceding and following
those torsions is also observed. There is a greater fraction of
gauche torsions surrounding the trans double bond than is
seen in the saturated system (DeLoof et al., 1991), 0.314 vs.
0.274.
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FIGURE 3 Transition rates of the torsion angles of both chains of PEPC,
POPC, and PiLPC estimated by using the "simple counting" procedure
(Longcharich, et al., 1992). The first torsion corresponds to the one between
C3 and C4. Open symbols, trans-gauche rates; solid symbols, gauche-trans
rates; triangles, sn-1 chain rates; squares, sn-2 chain rates.
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FIGURE 4 Average interchain distances (solid circles) and associated
relaxation times (open squares) for the simulations of PEPC, POPC, and
PiLPC. The relaxation times are weighted averages based on two expo-
nential fits of the interchain distance autocorrelation function, T = (alT1 +
a2T2)/(al + a2).
The situation for the single cis double bond is similar but
the trans -> gauche rates decrease rather than increase. Those
torsions adjacent to the cis double bond exhibit a much higher
proportion of torsion angles in the trans conformation, 0.910,
than observed for the saturated acyl chains (DeLoof et al.,
1991), 0.726. The gauche -> trans transition rates for the
torsion preceding the cis double bond at the sixth position and
the torsion immediately following the double bond at the
ninth position in the sn-2 chain of PiLPC also increase. How-
ever, between the two double bonds, the trans -> gauche and
gauche -> trans rates for those two torsions are near an equi-
librium value of one, the largest increase being for the trans
-* gauche torsion transition rate. These transition rates re-
flect the influence of the geometry of the nearby double
bonds. We also observe a general reduction in transition rates
for the torsion angles toward the ends of all the sn-2 chains
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FIGURE 5 Limiting value of the P2 autoconrelation function of the vector
from the phosphorous atom to the carbon atoms in the sn-I chain (triangles)
and to the sn-2 chain (squares) for PEPC, POPC, and PiLPC.
compared with the sn-i chains. That is, an extension of the
plateau region in transition rate is observed due to the ad-
dition of two carbons to the sn-2 chain along with a large
increase in rate for the final torsion angle. This increase in
transition rate for the terminal sn-2 carbons does not appear
to affect the order parameters at the ends of the chain. While
it may be argued that increases in torsion angle transition
rates forPOPC and PiLPC in the vicinity of the double bonds
parallel the decrease in order parameter, this is certainly not
true for PEPC.
A very interesting result is obtained when the average in-
terchain distance between equivalent carbon atoms on the
sn-I and sn-2 chains is calculated (Fig. 4). The average dis-
tances of PEPC and PiLPC are nearly identical, and the two
sn-I and sn-2 chains are marginally further apart than those
of DPPC. However, note that in POPC the two chains begin
to separate more starting at the carbons in the fifth position
and are nearly an angstrom further apart at the ends of the
chains than those of PEPC and PiLPC. The relaxation time
needed to reach these distances is also shown in Fig. 4. These
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FIGURE 6 Relaxation times are weighted averages based on two expo-
nential fits, T = (a1jT + a2r2)/(a, + a2), for the vectors described in Fig.
5 ofPEPC, POPC, and PiLPC. The values for the sn- I chains are represented
by triangles and the sn-2 chains are represented by squares.
are calculated using the autocorrelation function and
then fitting the data with exponentials. The parameters for
these fits were obtained by a grid search followed by the
Levenberg-Marquart method (Press et al., 1988). The decays
are somewhat complicated and generally a two exponential
fit was a slight improvement over a single exponential fit.
The results of the two exponential fits are shown in Fig. 4.
Each of the unsaturated lipids studied produced a slightly
different relaxation profile. In general the relaxation times
observed for PEPC parallel those previously observed for
DPPC but the times are somewhat shorter than those seen for
DPPC. PiLPC exhibits slightly longer relaxation times at the
beginning of the chains and does not have the large increase
in relaxation time at the tenth carbons. POPC again exhibits
quite different behavior. The relaxation times are quite long
prior to the single cis double bond and become remarkably
shorter after the double bond, almost the opposite behavior
observed for the molecule containing the single trans double
bond, PEPC.
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FIGURE 7 Representative structures of POPC. The x-y plane is parallel to the lipid/solvent interface. f is a top view.
The two motions previously used to describe the relaxation
mechanism were torsion angle transition (shorter relaxation
times) and wobbling motions of the individual chains (longer
relaxation times). This suggests that the torsion angle tran-
sitions are important for the relaxation mechanism near the
ends of the chain and perhaps near the double bonds (PEPC
and PiLPC). The longer relaxation time near the double bond
in POPC indicates that the wobbling motions and the ge-
ometry may be the more important factors in the relaxation
mechanism in this part of the molecule followed by almost
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FIGURE 8 Representative structures of PiLPC. The x-y plane is parallel to the lipid/solvent interface. f is a top view.
all torsional relaxation at the ends of the POPC chains. The
sn-2 chain of POPC appears to be "elbowing" the sn-i chain
in the same molecule.
In Fig. 5 the equilibrium values, P2(oo) calculated from the
P2 correlation function for the vector from the phosphorous
atom to each individual carbon in the sn-i and sn-2 chains
of PEPC, POPC, and PiLPC are shown. This gives some
measure of the global motions of these molecules in a mem-
brane. It can be seen that the three are fairly similar. In Fig.
6 are shown relaxation times based on two exponential fits
of the autocorrelation function decays. Again these are simi-
lar (especially PiLPC and PEPC) and exhibit long relaxation
times (up to 1.5 ns). The longer relaxation times for all of the
carbon atoms are probably due to wobbling and rotational
2?
JY
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motions. Only a slight increase in the relaxation times for the
first half of the POPC chains is seen and again slightly overall
longer relaxation times for the sn-2 chain of POPC.
DISCUSSION
The primary aim of this work was to evaluate the general
applicability of the recently developed mean-field method to
unsaturated acyl chains and the transferability of the mean-
field parameters to unsaturated molecules. As a first criterion
the experimental NMR order parameter profiles should be
replicated by the Langevin dynamics simulations. As was
shown in Fig. 1, this requirement was fairly well met. The
mean-field parameters used in simulating the unsaturated
phospholipids were precisely the same as those used in sim-
ulating DPPC, a saturated phospholipid. While some im-
provements in replicating the order parameters may be forth-
coming (by using the stochastic boundary method developed
by DeLoof et al. (1991)) the present method should be useful
in predicting the acyl chain motions of a variety of lipids in
a membrane.
Having demonstrated the viability of the mean-field and
the transferability of the mean-field parameters in studying
unsaturated lipids in a membrane environment, numerous
interatomic details have been probed. It is fairly clear that
PEPC very closely resembles DPPC in most of its attributes.
Thus, one can rationalize the general lack of trans double
bonds appearing in nature. The presence of a trans double
bond does not influence the behavior of the chain much,
as the torsions in an saturated chain prefer a mostly trans
geometry.
Seelig and Waespe-Sarcevic (1978) first suggested that
POPC mainly differs from PEPC in its NMR behavior due
to the geometry about the double bond (cis versus trans). All
the data in this paper support this view. The trans bond elicits
an opposite sp2-sp3 torsion transition rate effect from that
observed by a cis double bond. That is, a greater proportion
of trans conformations are observed near the cis double bond
and a greater proportion of cis conformations are observed
near the trans double bond. Rey et al. (1992) have seen simi-
lar phenomena in a Brownian dynamics study of unsaturated
chains. Rey et al. (1992) suggested that gauche plus
gauche minus transitions were important in unsaturated chain
dynamics, but none were observed in this current study as the
Rykaert-Bellmans potential has a high barrier to the transi-
tion. The overriding factor in the NMR order profile appears
to be the geometry of the deuterium attached to the double
bond rather than the torsion transition rate. The cis double
bond acts as a "kink" or "elbow" in the acyl chain. The chain
above and below the double bond tends to be in the trans or
extended conformation. This results in the elbow-like struc-
tures observed. The sn-2 acyl chain with its kink then elbows
the sn-1 chain and forces it to adopt conformations similar
to that seen in Fig. 7 a. This elbowing of the sn-1 chain causes
a greater disorder in the chain as observed by the NMR order
parameters compared with a saturated lipid sn-1 chain. The
double bond also tends to spend some time near the surface
as this allows the end of the chain to remain in the extended
conformation.
Another interesting result is the similarity observed be-
tween the unsaturated chains and PiLPC, particularly the in-
terchain distance. The interchain distance relaxation phe-
nomena does show some differences, however. Clearly the
torsion transitions are more important in PEPC and DPPC
than PiLPC where wobbling appears to be a larger part of the
interchain relaxation mechanism. Previous data on DPPC
indicated that the two chains did not move independently. It
is clear that cis double bonds do cause greater disorder in the
sn-1 chain as evidenced from the simulated deuterium NMR
profiles. The first cis double bond in PiLPC causes the acyl
chain to act in a similar fashion to POPC but the "elbow "
is now shorter. The flexibility at the sp3 carbon between the
two double bonds allows the second double bond to curl back
toward the sn-I chain. A result is the interchain distances
which are similar to DPPC and PEPC. This can be observed
by the representative structures in Fig. 8. Thus, the position
and flexibility between the two double bonds do not create
as great a disruption as the one double bond in POPC, as
might be expected from the appearance of the NMR data.
CONCLUSIONS
Detailed observation of the properties of unsaturated lipids
in membranes are possible with the methodology developed
by DeLoof et al. (1991). Both the mean-field approach and
the specific parameters developed for saturated lipids are
transferable to simulations of unsaturated molecules. This is
an important result, because the predictive power of this
method would be undermined ifwe had to reparameterize the
mean-field for each kind of molecule; we would only be able
to simulate systems for which NMR order parameters are
available.
Another important result is the fact that PEPC very closely
resembles DPPC in most of its attributes. That is, the pres-
ence of a trans double bond has little influence on the be-
havior of the chain, as the torsions in an saturated chain prefer
a mostly trans geometry. Surely this suggests that a reason
the trans double bond is so rarely found in biological lipids
is that it is redundant.
It is possible that better results may be obtained using the
mean-field stochastic boundary molecular dynamics method
and these simulations as well as calculations of T1 relaxation
times for comparison to NMR are underway. This study also
gives confidence in the predictive power of the method and
simulations of highly unsaturated docosahexaenoyl chains
are underway in order to give some insight into the angle-iron
and helix conformations proposed by Applegate and Glomset
(1986).
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